Gas sensing mechanism of H 2 S, NH 3 , NO 2 and NO toxic gases on transition metal dichalcogenides based Janus MoSSe monolayers are investigated using the density functional theory. The pristine and defect included MoSSe layers are considered as a host material for adsorption study. Three types of defects (i) molybdenum vacancy, (ii) selenium vacancy, and (iii) sulfur/selenium vacancy are studied to understand their impact on electronic properties and sensing of these gas molecules. The formation energy is computed to predict the stability of these defects and noticed that selenium vacancy is the most stable among other defects. The adsorption of gas molecules is evaluated in terms of adsorption energy, vertical height, charge difference density, Bader charge analysis, electronic and magnetic properties. The maximum adsorption energy for H 2 S, NH 3 , NO 2 and NO molecules on pristine Janus MoSSe monolayer are ~ -0.156eV, -0.203eV, -0.252eV, and -0.117eV, respectively. Selenium and sulfur/selenium defects significantly improve the sensing of the gas molecules. NO 2 gas molecule dissociates and forms oxygen doped NO adsorption in selenium and sulfur/selenium defect included MoSSe Janus monolayer. The adsorption energy values are ~ -3.360eV and -3.404eV for Se and S/Se defects included MoSSe layer, respectively. Further, the adsorption of NO 2 molecule induced about 1µ B magnetic moment. In contrast, NO molecule showed chemisorption on the surface of the selenium and sulfur/selenium defect included Janus MoSSe monolayers, whereas H 2 S and NH 3 molecules showed physisorption with their adsorption energies in the range of -0.146 to -0.238 eV and -0.140 to -0.281 eV, respectively. The adsorption of H 2 S, NH 3 , NO 2 and NO molecule on the pristine and defected monolayers suggest that selenium and sulfur/selenium vacancy defects are more prominent for NO 2 and NO gas molecule adsorption.
Introduction
Transition metal dichalcogenides (TMDCs) are most exciting materials in the category of twodimensional systems because of their wide range of suitable electronic properties such as insulating, semiconducting, semimetallic, metallic and superconducting properties for different applications 1 TMDCs can be tailored depending on the number of monolayers and also by manipulating strains or doping with foreign elements. Thus, tunable electronic properties will be very useful for nanoelectronic and optoelectronic devices 3 . TMDCs are almost thin, flexible and transparent similar to the graphene with tunable electronic properties. TMDCs based materials, especially MoS 2 and its derivatives exhibit excellent electronic properties when scaled down to the sub-nanometer i.e. one monolayer due to the quantum confinement and surface effects in conjunction with indirect (for bulk) to direct (for monolayer) bandgap transition 4 . A monolayer with a large active surface area with more active sites is suitable for efficient energy storage and gas sensing applications 5 . Further, TMDC materials, especially Mo(S/Se) 2 , and W(S/Se) 2 based ultrathin layers are mostly reported for sensing, catalyst and surface-based applications 6 . Sensitivity, selectivity, and interaction of numerous gas molecules (NH 3 , NO 2 , NO, CO 2 , CO, SO 2 , H 2 S, H 2 O, CH 4 , N 2 , O 2 ) are explored using both theoretical and experimental investigations 7, 8 .
These studies suggest that defects, doping elements, strain, and electric field stimuli are also important parameters to enhance the selectivity/sensitivity of a particular gas 9, 10, 19, [11] [12] [13] [14] [15] [16] [17] [18] . The sensing performance of gases is also explored by changing the chemical compositions of transition metal and chalcogen element or creating TMDCs monolayer heterostructures.
In recent, Janus MoSSe monolayer is attracting attention, where the half (either top or bottom) of the sulfur atoms are replaced by selenium atom, and thus breaking the out of plan symmetry 20 . Janus MoSSe monolayer is also realized experimentally using chemical vapor deposition 21, 22 . Further, the process of sulfurization/selenization in MoSe 2 /MoS 2 monolayer may lead to vacancy and antisite defects. Further, CVD synthesized Janus MoSSe monolayers are also prone to chalcogen defects. Janus MoSSe monolayer showing potential for nano/optoelectronic applications 20, 23, 24 . Meng et al. 25 investigated theoretically the effect of the various possible defects in Janus MoSSe monolayer. These vacancy and antisite defects will play a vital role to improve the sensitivity and selectivity of the hazardous gases. The most common point defects in TMDCs based monolayers are chalcogen vacancies, causing the defect states below the conduction band, as a result, limit the electron mobility 26 . However, these defects may be beneficial in enhancing the sensitivity/selectivity of foreign elements in Janus MoSSe monolayers.
Hydrogen sulfide (H 2 S), ammonia (NH 3 ) and nitrogen dioxide (NO 2 ) are the most common pollutants present in the atmosphere. The emission of NH 3 and NO 2 gases are continuously increasing from the last few years on the global level 27 . Main sources of these gases are agriculture, fossil fuel, automobile industry, oxidation of atmospheric nitrogen etc. H 2 S gas mostly occurs in crude petroleum, natural gas, organic matter and human or chemical sewage 28 . Ammonia gas has a significant impact on the creation of particulate matter and human visibility degradation 29 . Nitrogen dioxide absorbs solar radiation and has an effect on atmospheric visibility and climate change 30 . Thus, such toxic gases (H 2 S, NH 3 , and NO 2 )
affect human health and create environmental issues such as acid rain, ozone layer depletion, and the greenhouse effect. Further, these may lead to adverse effects on human health such as breathing difficulties, irritation to nose, eyes, skin, and throat or other body organs.
Considering the importance of detecting such environment pollutants, we considered H 2 S, NH 3 , NO 2 , and NO gas molecules for the present study. MoS 2 , MoSe 2 monolayers showed efficient sensing properties for various toxic gases. Janus monolayer is the derivative of these two systems and thus considered for investigation of adsorption studies for these toxic gas molecules. The different geometric arrangements of gas molecules are explored on all possible active sites in pristine and vacancy defect integrated Janus
MoSSe monolayer. Vacancy defects such as molybdenum vacancy (Mo V ), selenium vacancy (Se V ) and sulfur/selenium vacancy (S/Se V ) are considered to understand their impact on sensing of the toxic gas 4 molecules. The sensing of these gas molecules is estimated using adsorption energy, vertical height, charge difference density (CDD), Bader charge analysis and electronic properties. MoSSe Janus monolayer showed the excellent adsorption behavior for NO and NO 2 gas molecules. The present work is the first report on the adsorption behavior of toxic gases on MoSSe Janus monolayer as per authors' knowledge and will assist the experimentalists in realizing the gas sensor devices based on MoSSe Janus monolayer and to understand the interaction phenomena of the gas molecule with pristine and defective Janus monolayers.
Computational details:-
Structural, electronic and adsorption properties of Janus MoSSe monolayer are studied using the Density functional theory (DFT) as implemented in quantum espresso 31, 32 . A 4x4 supercell is considered for
MoSSe Janus monolayer with 15Å vacuum along the c-axis to avoid the interlayer interaction.
Generalized gradient approximation (GGA) predicted by Perdew-Burke-Ernzerhof (PBE) is used as an exchange-correlation functional 33 in the present calculations. Ultrasoft pseudo-potentials are considered with plane wave cutoff energy 50Ryd and sampling of the supercell is done using the Monkhorst-Pack 34 scheme with 6x6x1 K-points are used for relaxation and 12x12x1 K-points used for the total energy and other physical properties calculations. Energy convergence cutoff 1x10 -8 eV is used for self-consistent field (SCF) calculations. Atomic positions are relaxed by minimizing the force between the atoms using Broyden-Fletcher-Goldfarb-Shenno (BFGS) minimization scheme with 1x10 -3 eV/Å force convergence limit. Van der Waals (vdW) force are also considered by adopting the DFT-D2 method proposed by Grimme et al. 35 . Mo V , Se V , and S/Se V vacancies are created by removing atoms from the supercell in Janus MoSSe monolayer and optimized by minimizing the force on each atom. Charge transfer between the monolayer and gas molecules are carried out using the Bader charge analysis 36 .
Results and Discussions:-
Janus MoSSe monolayer is a three-layer structure, where top layer consists of selenium atoms, the middle layer is made of molybdenum atoms and bottom layer consists of sulfur atoms, shown schematically in Fig.1 (a) . Such Janus structures are experimentally synthesized recently using plasma enhanced chemical vapor deposition method 21, 22 and thus, important to understand their physiochemical properties and potential for possible applications. The optimized lattice parameter of Janus MoSSe monolayer is 3.249Å, which is in between the lattice parameters of MoS 2 and MoSe 2 monolayers 21 . We also optimized the structural parameters like the bond length and bond angle, which are marked in Fig.1 (b) . The optimized parameters are in agreement with the previously reported results
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. Further, the structural stability is supported by computing the phonon band dispersion and is shown in Fig. 1(c) . The nine vibrational modes are noticed with three acoustic and six optical modes. The noticed positive frequencies for all these vibrational modes support the thermodynamic stability of Janus MoSSe monolayer, consistent with previous reports 38, 39 . We also considered chalcogen (sulfur and selenium) and molybdenum defects in Janus MoSSe monolayer. The structural stability of the defect containing monolayers is defined using the formation energy as = − + ; where, and are the total energies for defect containing monolayer and pristine monolayer respectively, and is the total energy of the removed atom 40 . Formation energy for Mo V , Se V and S/Se V are about 6.98 eV, 3.16 eV and 6.23 eV, respectively. Thus, Se V containing MoSSe Janus monolayer is relatively more stable among the investigated defects, as the required formation energy for Se V defect is the lowest as compared to other defects. This is in agreement with the common observation that the chalcogen atom mediated vacancy defects are more stable in TMDCs based monolayers monolayers, consistent with computed values using GGA-PBE exchange-correlation potentials 42 . We also computed partial density of states (PDOS) and shown in Fig. 2 Fig. 2( c & d) . Here, the defect states lie near to Fermi energy in VB and CB. These defect states are mainly originating from the unsaturated bond of the S or Se atom, confirmed from the PDOS analysis. TDOS and PDOS show the symmetry in the spin states, confirming the non-magnetic semiconducting behavior. These defects may provide the active sites for adsorption of the toxic gas molecules in MoSSe Janus monolayer. The spin polarized band structure with TDOS for Se V defect included Janus MoSSe monolayer is shown in Fig. 3(a) . Here, VBM of Se V defect included monolayer is observed at  point while CBM is located at 
Adsorption behavior:
Further, to investigate the sensing properties of pristine and defect included MoSSe Janus monolayers, we considered H 2 S, NH 3 , NO 2 and NO toxic gas molecules in this study with an objective to find the most suitable binding sites for these molecules. We considered different orientations of these molecules with pristine and defect included MoSSe Janus monolayer to understand the adsorption mechanism. We optimized these structures without any constraint using DFT-D2 correction to include the vdW force for computing the accurate adsorption energies 8 . The stability of adsorbed gas molecules is estimated using the adsorption energy as = + − − where + and are the total energy of molecule adsorbed monolayer and without molecule adsorbed monolayer, respectively and is the total energy of the gas molecule 49 . Considering the geometrical configurations due to two types of atoms in these gas molecules, we investigated adsorption of individual molecules from each atomic side, as shown in Fig. 4 . The negative values of adsorption energy signify that the process is energetically favorable 50 . This criterion is considered in evaluating the adsorption behavior of toxic gas molecules.
We analyzed the adsorption of toxic gas molecules by investigating the electronic properties in terms of spin polarized band structure. Further, a gas sensor works on the principle of change in electrical conductivity during the gas adsorption because of the charge transfer between the adsorbent and host material. This is also considered as a parameter in evaluating the sensing characteristics. The electrical conductivity of the semiconductor depends on the band gap of semiconductor material as ∝ 
Hydrogen sulfide (H 2 S):
The initial structure of H 2 S molecule is optimized showing C 2V symmetry with ~ 1.353Å H-S bond length. We have considered two types of configuration of H 2 S molecule to adsorb on the considered Janus monolayers, as shown in Fig.4 . The H 2 S molecule is first placed on the hollow site of the hexagon for pristine monolayer and allowed adsorption from hydrogen and sulfur site, respectively. In case of a defect included MoSSe monolayer, the gas molecule is placed on the top of the defect site from hydrogen and sulfur sites independently. The gas molecule interaction with H atom side is named with pristine or Moreover, in P1 configuration sulfur atom of H 2 S molecule is on the top of the selenium atom of MoSSe monolayer that's why the vertical height is relatively more than P configuration. The corresponding adsorption energies are -0.156eV and -0.147eV for P and P1 configurations, respectively. The computed adsorption energy for H 2 S molecule is higher than MoS 2 (-0.12eV) 9 but less than WS 2 monolayer (-0.18eV) 52 monolayer. Fig. 13(a) illustrates that the relative change in adsorption energy is not significant for different H 2 S configurations (P and P1). The small adsorption energy signifies the fast recovery of the gas sensor devices.
We further analyzed the electronic properties for all the considered configuration of H 2 S adsorption. The spin-polarized band structures for all considered configuration are plotted and compared with and without adsorbed gas molecule, and shown in Fig. S1 (See supplementary data). 
Ammonia (NH 3 ):
The initial structure of ammonia molecule is optimized and observed C 3V symmetry with ~1.022 Å N-H bond length. The adsorption behavior of ammonia gas molecule on the various configurations of the monolayer-like the pristine and defect included monolayers are investigated. Here, also two configurations of NH 3 molecule are considered, as shown in Fig.4 . The first one is hydrogen atom pointing toward the host monolayer and another is nitrogen atom pointing towards the host monolayer.
The optimized structure of P configuration shows about 0.005e charge transfer from NH 3 to the host monolayer and thus, behaving as a donor. The similar behavior is also observed for P1 configuration, where about 0.028e charge transfer is noticed from NH 3 molecule to the monolayer. The Fermi level of MoSSe monolayer lies between the highest occupied molecular orbital (HOMO) and lowest occupied molecular orbital (LUMO) of NH 3 , and this suitable position of energy levels is the main source of noticed charge transfer from the NH 3 molecule to monolayer 53 . This is consistent with other reports showing the adsorption of NH 3 on MoS 2 and WS 2 monolayer giving rise to the donor behavior, whereas the adsorption energy is higher for MoSSe Janus monolayer than the previous reports 9, 17, 19, 53, 54 .
Adsorption energies and vertical heights for P and P1 configurations are shown in Fig.13, confirming [50] . The computed spin polarized band structure of NH 3 adsorbed P and P1 configurations are shown in Fig.S3 (see supplementary data) . The band structure shows no significant change after the adsorption of NH 3 molecule in the forbidden region and also spin up and spin down states are highly symmetric, confirming the non-magnetic semiconductor behavior even after adsorption of NH 3 molecule. No change in band structure and thus effectively no change in their respective conductivity after adsorbing NH 3 molecule to the host MoSSe Janus layer. The CDD plots for P and P1
configurations are shown in Fig.S4 (see supplementary data) , validating the Bader charge analysis. This CDD is supporting the physisorption between the adsorbent NH 3 and host MoSSe Janus monolayer.
There are reports suggesting that the defects included TMDCs based monolayer improve the sensitivity and selectivity of gases 56 . Further, we considered Mo V , Se V and S/Se V defects in Janus MoSSe monolayer to understand their impact on the adsorption behavior of NH 3 molecule. The optimized configurations for 
Nitrogen dioxide (NO 2 ):
The initial structure of nitrogen dioxide is optimized and found C 2V point group symmetry with 1. The N-O bond length is elongated due to adsorption and changed from 1.21Å to 1.22Å after adsorption.
The spin-polarized band structure for NO 2 adsorbed pristine Janus MoSSe monolayers are shown in Fig.9 and compared with a pristine Janus MoSSe monolayer without adsorbed NO 2 molecule. We noticed the p- configurations are 2.748Å and 2.624Å whereas the adsorption energies are -0.089eV and -0.117eV, respectively. The similar adsorption behavior also has been reported by Yue et al. 19 for NO adsorbed MoS 2 monolayer. The spin polarized band structure for P and P1 configurations are shown in Fig 12 ( . These states are coming due to the charge transfer of about 0.010e and 0.006e from the monolayer to the NO adsorbent for P and P1 configurations, respectively, supporting the acceptor behavior of NO molecule. In this case, the bond length of the adsorbed molecule does not change significantly as the charge transfer is relatively smaller as compared to other cases. Janus MoSSe monolayer is an n-type semiconductor which has electron as carriers, however, during NO adsorption a charge transfer from monolayer to NO molecule is taking place, and thus depleting electrons from monolayer and thus converting into a p-type semiconductor 57 .
Further, this is substantiated by the noticed VBM shift towards the Fermi energy and CBM away from the Fermi energy, Fig 12 (a) . This may increase the monolayer resistance and thus reduce the conductivity.
Mo V defect included monolayer is also considered to understand the adsorption of NO molecule. The optimized NO adsorbed MoSSe monolayer structure for Mo V and Mo V 1 configurations are shown in and -2.788eV, respectively. Thus, Se V defect included Janus MoSSe monolayer is more prominent to adsorb NO molecule, which may exhibit relatively large recover time. configurations. These studies suggest that the pristine MoSSe Janus monolayer is more sensitive to NO 2 molecule as compared to other considered monolayer, shown in Fig.13 (a) . All considered toxic gas molecules H 2 S, NH 3 , NO 2 and NO are interacting through the weak vdW interaction, confirming the physisorption in most of the cases. The adsorption energy of molecules lies in the order of NO 2 > NH 3 > H 2 S > NO, consistent with experimental studies by Rahul et al 58 for MoS 2 based sensing of these gas molecules. The adsorption energy of NO 2 molecule on the pristine monolayer is higher than the reported for MoS 2 and WS 2 monolayer. Further, NO 2 molecule takes charge from monolayer and thus, the desorption of NO 2 may be relatively faster. Thus, defects will play an important role to enhance the sensitivity and selectivity of transition metal dichalcogenides based gas sensor devices. The change transfer observed for H 2 S and NH 3 in the defects included MoSSe monolayers is not significant, as shown in Fig.14 (a) , with respect to other gas molecules. The spin polarized band structure analysis confirms that H 2 S and NH 3 gas molecules do not show any contribution in the forbidden region and also the low charge transfer supports the physisorption for these gas molecules. NO 2 and NO molecules are more sensitive to defects induced Janus MoSSe monolayer. The charge transfer in case of NO 2 and NO gas molecules is relatively larger and in some configurations, lead to the covalent bonding with the monolayer, sharing large charge. The respective adsorption energies for NO 2 and NO are much larger with respect that of the other gas molecules. The large adsorption energy for NO 2 molecule signifies the enhanced sensitivity with respect to other gas molecules. The charge transfer mechanism defines the interaction between the adsorbent and host material that lead to the change in the resistance for practical gas sensing applications.
These results suggest that the pristine and defect included MoSSe Janus monolayers will have very large sensitivity for NO 2 molecule as compared to the reported results for MoS 2 monolayer. Thus, the present study might be very useful for the experimentalist to (i) design high sensitivity MoSSe Janus layer based sensors and (ii) understand the microscopic mechanism of gas adsorption in such systems.
Conclusion:
We studied the structural properties and thermodynamic stability of pristine Janus MoSSe monolayer.
Three types of vacancy defects like molybdenum, selenium and sulfur/selenium defects are considered in Janus MoSSe monolayer. The structural stability of considered defects is investigated using the formation energy and found that selenium vacancy is a most stable defect among others. Adsorption behavior of
